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Abstract. We present predictions of the unweighted and weighted double spin asymmetries related to 
the transversal helicity distribution qit and the longitudinal transversity distribution h^j^, two of eight 
leading-twist transverse momentum dependent parton distributions (TMDs) or three-dimensional parton 
distribution functions (SdPDFs), in the polarized proton-antiproton Drell-Yan process at typical kinematics 
on the Facility for Antiproton and Ion Research (FAIR) . We conclude that FAIR is ideal to access the new 
SdPDFs towards a detailed picture of the nucleon structure. 



1 Introduction 

The nucleon spin structure is an active direction under 
both theoretical and experimental investigations. A num- 
ber of new physical quantities of the nucleon, which can 
provide a detailed picture of the nucleon with more de- 
tailed information in three dimensional momentum space [U 
[2], have been introduced. At leading twist, the quark- 
quark correlation matrix [3l|4] can be decomposed into 
eight transverse momentum dependent parton distribu- 
tions (TMDs), or we call them three-dimensional parton 
distribution functions (SdPDFs). Besides the three usual 
parton distribution functions, i.e., the unpolarized one 
with light-cone longitudinal momentum and transverse 
momentum distribution fi , the helicity one with longitudi- 
nal helicity distribution gi^, and the transversity one with 
transversal spin distributions hi, there are five new ones. 
Among them the Sivers distribution and its chiral-odd 
partner, the Boer-Mulders distribution h^, are well known 
for their T-odd property, i.e., they change sign under naive 
time reversal. The other three of the new SdPDFs, i.e., the 
pretzelosity distribution hj^rp, the transversal helicity dis- 
tribution giT, and the longitudinal transversity distribu- 
tion h^]^, are T-even. They can be measured through the 
semi-inclusive deep inelastic scattering [SJE]. However, the 
single spin asymmetry related to the pretzelosity distribu- 
tion h^rp in the semi-inclusive deep inelastic scattering is 
rather small. For the chiral-odd distributions hji^ and hj^^, 
they can be probed through the single spin asymmetries 
when combined with another chiral-odd distribution hj^ in 
the pion-nucleon DrcU-Yan process[7,8 . In Ref. [9 , it has 
been shown that the polarized proton-antiproton Drell- 
Yan process is ideal to probe the pretzelosity distribution 
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hirp and the magnitudes of the related spin asymmetries 
are significantly large. Thus it is natural to discuss the spin 
asymmetries related to the rest two SdPDFs, gix and h^^, 
in the polarized proton-antiproton Drell-Yan process. 

Since the proposal on measuring the transversity dis- 
tributions via the polarized proton-antiproton Drell-Yan 
process by the polarized antiproton experiment (PAX) 
collaboration 10,11], there have been some other experi- 
ments ^12.1S,14.1 51 [TC1[T71[T5] on the measurements of the 
transversity distributions. Recently, there has been new 
technical progress [lOj towards the goal for a proton-antiproton 
collider with both beams polarized [50], and such plan 
has the potential to be realized at FAIR (Facility for An- 
tiproton and Ion Research) in GSI Helmholtzzentrum fiir 
Schwerionenforschung. The expected antiproton beam po- 
larizations might be 0.15 ^ 0.20 (spin filtering with trans- 
verse target orientation) or 0.S5 ~ 0.40 (longitudinal) |^ 
Thus the three new SdPDFs, h^rp, gi^p, and hj^p, with 
important information on the quark spin and orbital corre- 
lation of the nucleon, could be measured on FAIR. Our cal- 
culation below shows that some of the double spin asym- 
metries related to giT and h^p in the polarized proton- 
antiproton Drell-Yan process are large, and thus FAIR is 
an ideal facility to access the new SdPDFs for revealing 
more information towards a detailed picture of the nu- 
cleon. 



2 T-even SdPDFs in the light-cone 
quark-diquark model 

In the light-cone quark-diquark model [23], the Melosh- 
Wigner rotation plays an important role to understand 
the proton spin puzzle due to the relativistic effect 

of quark transversal motions. The T-even SdPDFs have 
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been calculated [3Elll31[ini[371[25] : 

r{dv) , J 2\ -'--'-•2a 2 



and 



3 The giT and /i^*-^ related asymmetries in the 
polarized proton-antiproton Drell-Yan process 

In the polarized proton-antiproton Drell-Yan process, the 
cross section is ED 



da 



4) = - JL X (i sin2 Oo^lrW^ - cos^ Oo^lW^s)' 
= - ^ X ^sin'Oo^lW^, (2) 
with the notation 

and the superscripts "uu" and "dw" stand for the valence 
up and down quark distributions respectively. (poiD = 
V, S) is the wave function in the momentum space for the 
quark-diquark, and for which we can use the Brodsky- 
Huang-Lepage (BHL) prescription [^IBU] : 



dxa dxh dqx dil 



(3) 

The parameters au — 0.33 GeV (which is the same for 
D — V,S), the quark mass = 0.33 GeV, the diquark 
mass ms = 0.60 GeV, my = 0.80 GeV, and 6*0 = 7r/4 
are adopted for numerical calculation. Oq is the mixing 
angle that breaks the SU(6) symmetry when 6*0 7^ 7r/4. 
The Melosh-Wigner rotation factors Wd [D — V, S) are 



VF|,-(a:,4) 



{xMd + 




[xMo + rnqY 




2Mn{xMd + 


TTlq) 


{xMd + 




{xMd + mq 


? 


{xMo+rnqf - 




2Ml 





where 



Md = 



{xMd + rnqY + ky 

2Mn{xMd + mq) 
[xMd + rUqY -I- ky 

X 1 — X 



(4) 

(5) 
(6) 
(7) 
(8) 

(9) 



Using Eqs. ([T]) and ©, the polarized distributions can 
be given by the unpolarized distributions as 

j^''^\x,ky^-r/,'''\x,kywi.ix,ky. (10) 



{ (1 -f C0S2 0)F^u + SaLSbL siu^ COS 2cl>F' 
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icos 2(p 
LL 
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TT 
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(11) 



The subscripts a and b stand for the incoming hadrons in 
the Drell-Yan process, and (j>a and (j)b are the angles of SaT 
and SbT respectively. Other terms will not contribute in 
our analysis below and we should note that although some 
of these terms involve gix or hiL, they can be obtained 
from the terms above by switching the subscript labels a 
and b. The structure functions are 
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where we use the shorthand notation 

C[w{kaT,kbT)faIb\ 



^(^l 1 dkaT dkbT 5^'^^ {qt - kaT - kbT) 

X w{kaT,kbT)nixa, klT)fb{xb, kfr) , 



(19) 



Jiacai Zhu and Bo-Qiang Ma: SdPDFs gir and in the polarized proton-antiproton Drell-Yan process 



3 




0.20 



0.15 



0.10 - 



0.05 - 



0.00 



0.0 



0.2 



weighted h||_®h||_ 



0.4 



0.6 



0.8 



Fig. 1. The double spin asymmetries related to hj^i^ shown in Eqs. (|30|l and (|34p as functions of xp for s = 45 GeV^ and 
= 12 GeV^ The dashed curves correspond to approach 1, while the solid curves correspond to approach 2. 



where both quarks and antiquarks of all flavors are taken 
into account during the summation over q. The unit vector 
is defined a.s h = qt/qt- 

Considering the charge conjugation invariance 



vifith 



(20) 
(21) 



with p for proton and p for antiproton, and using the 
method introduced in Refs. 32,33], we get 

/ dQTF,]^ = ]^ E ^ffMff^^b), (22) 

" q 
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for 3dPDF j. The unweighted double spin asymmetries 
are (Q^ is fixed) 
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Fig. 2. The double spin asymmetries related to gir and qil shown in Eqs. (|3ip and (I35|) as functions of xp for s = 45 GeV^ 
and = 12 GeV^ The dashed curves correspond to approach 1, while the solid curves correspond to approach 2. 



A 



TL 



'{xf) 



J dqTFlj^{xa,Xb,qT) 

T,q eqg[T'^{Xa)gf^{xb) 



(35) 



A 



}^ cos(2<p-<Pt) 



LT 



(xf) 



{Xa,Xb,qT) 



I QTF^u{Xa,Xb,qT) 
^f^^^'^'^iXaHixb) 



Eqei[mxa)mxb) ' 



(36) 



{Xa,Xb,qT) 



J QTFlj^{Xa,Xb,qT) 



Eqe'qhfj^'^'Mht^'^'iXb) 



Eq^mMfnxb) 

j QT—^TT (Xa,Xb,qT) 
J QTFlj,j{Xa,Xb,qT) 

_ j QT—J'tT [Xa,Xb,qT) 

J QTF^jj{Xa,Xb,qT) 

_Y.qelgiT\xa)g[^Tl''{xb) 



(37) 



Eq^'qf!Mf!{Xb) 



(38) 



where = qt/Mn. In Eq. the weight function is 

complicated and we use "g" to denote it in Fig. [S] Xa and 
Xb are given by 



Xf — Xb^ X^i^Xb 



91 

s 



(39) 



In Ref. [9 , the hj^j, related double spin asymmetries in 
the polarized proton-antiproton Drell-Yan process have 
been calculated at typical kinematics on FAIR [TU]. In 



this paper, we focus on predictions of the unweighted and 
weighted double spin asymmetries related to giT and h^j^ 
in the same process. We present numerical calculations in 
two different approaches as described in Ref. 9; : 

— Approach 1. We use Eqs. (H]) and ^ directly to calcu- 
late and only sum over the valence quark distributions. 

— Approach 2. For the unpolarized quark and antiquark 
distributions, we use the CTEQ6L parametrization [33], 
and adopt a Gaussian form factor for the transverse 
momentum dependence which has been adopted in 
many phenomenological analysis |35] : 



fiix,k'^) = fi{x) 



exp(-4/fc2„) 



(40) 



with = 0.25 GeV^. For the polarized distributions, 
we keep the relations in Eqs. ([TU]) which we get in the 
light-cone quark-diquark model so that the Melosh- 
Wigner rotation factors remain as the relativistic effect 
of quark transversal motions. 

The kinematics on FAIR are chosen as s = 45 GeV^ and 
Q2 = 12 GeV^ W. The magnitudes of the helicity and 
transversity distributions in approach 2 are comparable 
with the global analysis results [5gll371[55[l3^ Hn] for helic- 
ity and [35] for transversity at the middle x region. Be- 
sides, the quark-diquark model gives a good description 
of the nucleon form- factors [TOfi^ . The quark-diquark 
model realized in approach 2 also provides reasonable de- 
scriptions of many experiments related to helicity distri- 
butions P^, transversity distributions [i¥lll8j . together 
with some new 3dPDFs j45j. The effect of the CTEQ6L 
parametrization, which has been well verified and con- 
strained by many experiments concerning the unpolarized 
quark distributions, has been taken into account in ap- 
proach 2. Thus approach 2 might give more reasonable 
predictions for future experiments. 

We plot the unweighted and weighted asymmetries re- 
lated to giT and /ij^^ as show in Eqs. §U\i, (1^1), dSSI, dSSl), 
(iMl), (Ell), (iMl), (113), and dSHl). The resuhs are shown in 
Figs. (U [51 131 m and [SI In the light-cone quark-diquark 
model, the ratios of hfj^^^^\x)/fi{x) as shown in Ref. [B] 
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Fig. 3. The double spin asymmetries related to /ii^ and hi shown in Eqs. p2[) and p6|l as functions of a;^ for s — 45 GeV'^ 
and = 12 GeV^ The dashed curves correspond to approach 1, while the solid curves correspond to approach 2. 
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Fig. 4. The double spin asymmetries related to hj^j^ and hij- shown in Eqs. p3|l and p7p as functions of a;F for s = 45 GeV^ 
and = 12 GeV^ The dashed curves correspond to approach 1, while the solid curves correspond to approach 2. 
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12 GeV^ The dashed curve corresponds to approach 1, while 
the solid curve corresponds to approach 2. 
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latcd to h^rp and hi that we obtained in Ref. [2]. The un- 
weighted asymmetries are larger compared with the cor- 
responding weighted ones. In Figs. [TJ [5] and El the un- 
weighted asymmetries are significantly large. Besides, the 
unique feature of the unweighted double spin asymmetry 
in Eq. ([50)) as shown in Fig. [T] is that only the 
is involved. Thus it is ideal to measure 
the new 3dPDFs gir and /i^^ through the double spin 
asymmetries in the polarized proton-antiproton Drell-Yan 
process. Moreover, the unweighted double spin asymme- 
try related to h^^ and h^j, in Fig. |3]is about several per- 
cent. This provides us a way to measure the pretzelosity 
distributions hj^rp in the proton-antiproton Drell-Yan pro- 
cess with one nucleon longitudinal polarized and another 
one transversal polarized, which is different from the un- 
weighted double spin asymmetry related to h^rp and /ii in 
the proton-antiproton Drell-Yan process with both nucle- 
ons transversal polarized in Ref. [5] . 



are larger compared with those of hf^^'' (x) / fi (x) as shown 
in Ref. [5], so the unweighted double spin asymmetry re- 
lated to h^p^ and hi in Fig. [3] is correspondingly larger 
compared with the unweighted double spin asymmetry re- 



4 Summary 

giT and h^j^, i.e., the transversal helicity and the lon- 
gitudinal transversity, are two of the eight leading-twist 
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3-dimensional parton distributions (SdPDFs). We present 30. T. Huang, B. -Q. Ma, Q 
predictions of the unweighted and weighted double spin (1994) 
asymmetries related to them in the polarized proton-antiprotM- S. Arnold, A 



X. Shen, Phys. Rev. D 49, 1490 
Metz, M. Schlegel, Phys. Rev. D 79, 034005 



Drell-Yan process at typical kinematics on FAIR respec- 
tively. We conclude that the Facility for Antiproton and 
Ion Research (FAIR) is ideal to access the new SdPDFs 
towards a detailed picture of the nucleon structure. 
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